The treatment of saline wastewater containing oil and organic matter of different biodegradability was examined for 35 days using a laboratory-scale membrane bioreactor (MBR) at a thermophilic condition (50°C). The performances were compared with those of a room-temperature reactor. The removal of COD was comparable for the two reactors. The half-life of mineral oil (C 15 − C 22 alkanes) was around 3 hours in the reactor. However, the operation at high temperature condition decreased the removal of dark brown (melanoidin) color from 58% to 44%. The fouling of the membrane was more severe for the thermophilic reactor. The room-temperature reactor maintained a volume flux of 0.22 m/day, while keeping the volume flux at the same level was difficult for the thermophilic reactor. It was suggested that lower flux operation of the membrane and worse effluent quality have to be considered, if high-temperature operation is required.
INTRODUCTION
Saline and high-temperature wastewater containing a variety of organic compounds is a difficult target for wastewater treatment. The produced water from oil and gas production activities often contains salts, oil and hazardous organic compounds [1] . Shipboard wastewater also features high oily and saline concentrations [2] . Textile wastewater contains a variety of organic compounds of different biodegradability [3] . Direct treatment of high-temperature wastewater is attractive, because cooling process is usually required for the treatment of textile wastewater.
Thermophilic aerobic processes have been applied for the treatment of high-strength wastewater (biodegradable COD 20,000 − 40,000 mg/l) which make autothermal operation possible without exogenous heat input [4] . Thermophilic aerobic treatment generally has advantages of 3 to 10 times higher biodegradation rates than those of similar mesophilic processes and low sludge yields [5] . However, poor settleability of the sludge is the main drawback of the thermophilic aerobic process [6] .
The combination of membrane separation process and thermophilic aerobic process has been studied to overcome poor settleability. In addition, the improvement of effluent water quality by the introduction of membrane bioreactor (MBR) is attractive for the reuse of industrial wastewater. Simstich et al. [7] investigated the application of a thermophilic MBR to the treatment of paper mill deinking wastewater, showing that nutrient supply can be minimized due to a low sludge yield. Abeynayaka and Visvanathan [8] examined the treatment of molasses-based synthetic wastewater by a thermophilic MBR showing the excessive membrane fouling due to higher protein generation within the reactor. They also reported the higher COD removal efficiencies and lower sludge yields in the thermophilic operation. The objective of this study is to compare the performances of MBRs under different temperature conditions to clarify the effect of thermophilic condition on the range of removable contaminants and on the fouling of membranes considering the treatment of high-temperature wastewater without cooling. This study targeted saline and oily wastewater, which often induce problems in the stable operation of MBRs.
MATERIALS AND METHODS

Target wastewater
Molasses was used as a carbon source in this experiment because molasses contains a wide range of organic compounds of different biodegradability. Synthetic wastewater (1.5 l) was fed to each of the MBRs containing 3 g molasses (Hinode-mitsu, Dai-Nippon Meiji Sugar Co., Ltd., Tokyo, Japan), 0.15 g urea, 13.8 g sodium chloride (NaCl), 3.15 g magnesium sulfate (MgSO 4 ·7H 2 O) and 0.75 g calcium chloride (CaCl 2 ·2H 2 O) everyday except for Saturdays and Sundays. Influent COD fed to the reactor (measured by the Japanese method, in which permanganate was used as the oxidant) was 1,000 mg/l, whereas total nitrogen (TN) was 50 mgN/l, almost fully derived from 100 mg/l of urea. The salt concentration of the feed solution was 1.0%. Figure 1 shows the schematic diagram of MBRs used in this study. Two glass reactors with 6 l volume each were operated simultaneously. One reactor was operated at room temperature between 22 and 29°C, while the temperature of the other reactor was maintained at 50°C by silicon rubber heaters. The suction pumps were operated continuously at a flow rate of 540 ml/h (volume flux: 0.22 m/day). Most of the treated wastewater was returned to the reactor, although 1.5 l/day was wasted to keep the water level in the reactors constant. The amount of oil (mineral oil light white, MP Biomedicals, California, USA) added once a week to each reactor was 0.5 ml to take into account the applications to oil and gas production industry and to the treatment of shipboard wastewater. The average hydraulic retention time (HRT) was 5 days. Flat sheet membranes (surface area: 0.06 m 2 (200 mm × 150 mm × two sides), Kubota Corp., Osaka, Japan) made from chlorinated polyethylene with pore size of 0.4 μm were used in the MBRs for the separation of sludge and permeate. The reactors were operated under aerobic conditions and the dissolved oxygen concentration in the reactors was around 4 mg/l. The air flow rate was 4 l/min for each reactor. Trans-membrane pressure was measured by pressure gauges. The sludge retention time (SRT), calculated from the sampling of mixed liquor, was 24 weeks. Except for the sampling, excess sludge was not removed from the reactors. The surface of the membranes was cleaned once in every 12 days of operation using plastic sponges to remove the gel and cake layer.
Reactor operation
Preparation of sludge
Seed sludge was taken at a wastewater plant treating wastewater from restaurants, toilets and other sources discharged from Tokyo University of Technology. Initial sludge concentration was around 5,000 mg/l. Before starting the regular monitoring, the reactors were operated with the same feeding rate of the same synthetic wastewater and with the same membranes for 30 days to acclimatize the sludge by gradually increasing the temperature of the thermophilic reactor from 40°C to 50°C to mitigate the change of temperature. Mixed liquor suspended solids (MLSS) concentration was reduced by the acclimatization from 5,000 mg/l to 1,700 mg/l for the thermophilic reactor and the reduction was probably due to the inactivation of thermo-sensitive microorganisms, while it was almost constant for the room-temperature reactor. 
Water quality analysis
In the measurement of MLSS, mixed liquor was centrifuged for 5 minutes at 2,000 rpm and repeatedly rinsed with pure water to remove high concentration of salts contained in the feed solution. The concentration of ammonium (NH 3 ) and COD (potassium permanganate method) was measured using analytical kits (Pack test, Kyoritsu Chemical-Check Lab. Corp., Tokyo, Japan). The pH was analyzed using a pH-meter (SK-620PH, Sato Keiryoki Mfg. Co., Ltd., Tokyo, Japan). The dark brown color of the influent, effluent and supernatant of the mixed liquor was measured by a spectrophotometer (UVmini-1240, Shimadzu Corp., Kyoto, Japan) at 475 nm (the peak absorbance of molasses solution containing melanoidin) and 390 nm (generally used wavelength for the color determination). Oil and grease in the mixed liquor was measured separately for the water phase and for the sludge phase by hexane extraction (Standard Method 5520B) [9] with the quantification by gas chromatography mass spectrometry targeting C 15 − C 22 alkanes, which were the main constituents of the oil added in this study.
RESULTS AND DISCUSSION
Reactor operation
Two reactors were operated for 35 days in order to study the effect of thermophilic operation on MBR performance. Figure 2 shows the change in temperature for both reactors. The temperature of the thermophilic reactor was in the range between 47.7 and 50.7°C (typically 50°C), while that of the room-temperature reactor was in the range between 22 and 29.2°C (typically 25.0°C). Figure 3 shows the variations of MLSS in both MBRs during the operation. After starting the regular monitoring on day 1, MLSS of the thermophilic reactor gradually increased to 2,200 mg/l. In the case of the room-temperature reactor, MLSS was maintained at around 4,500 mg/l except for 2,950 mg/l on day 26 due to inadequate mixing in the reactor.
In spite of the addition of oil and the high salt concentration in the feed solution, the trans-membrane pressure for the room-temperature reactor was stable, as shown in Fig. 4 . More severe fouling of the membrane was observed for the thermophilic reactor. The transmembrane pressure increased rapidly in the case of the thermophilic reactor up to 0.035 MPa on day 12. Due to the surface cleaning of the membrane on day 13, the transmembrane pressure was lowered. However, on day 24 and day 35 the membrane of the thermophilic reactor was again fouled and the trans-membrane reached above 0.065 MPa. The tendency of easier fouling of the thermophilic reactor was consistent with the previous literature [8] . It was confirmed that the lower flux operation is needed in the case of thermophilic membrane bioreactor even in the case of the operation of low organic loading as in this study
Removal of COD
The results of COD measurements are shown in Fig. 5 . The influent COD of molasses wastewater was 1,020 mg/l. No significant difference was found in terms of COD removal for both reactors. The removal of COD in the thermophilic reactor and the room-temperature reactor was 87% on the average. The concentrations of supernatants were in the same ranges as in the effluents, although the accumulation of macromolecules which could not be measured as COD might have taken place in the reactors. Figure 6 shows the removals of color at 390 nm (generally used wavelength for the color determination) and the removals of color at 475 nm (peak absorbance wavelength for molasses solution containing melanoidin). The removal percentage for the thermophilic reactor at 390 nm were in the range between 21 and 28% (average: 26%), which were lower than those for the room-temperature reactor ranging from 32 to 59% (average: 46%). The color removal at 475 nm for the thermophilic reactor was 34 to 62% (average: 44%), while the removal for the room-temperature reactor was 41 to 68% (average: 58%). Regardless of the wavelength in the measurement, worse color removals were observed for the thermophilic reactor. The treatment under thermophilic operation narrowed the range of removable organic constituents in molasses solution. 
Removal of color
Nitrogen in the reactor
The average of ammonia nitrogen concentration (NH 3 -N) in the effluent was 4.5 mgN/l (n = 10) for the roomtemperature reactor and 6.5 mg/l on the average (n = 10) for the thermophilic reactor. Although the accuracy of the results by the simplified method for the measurement of ammonium was not enough for the quantitative discussion, the higher remaining concentration of ammonium in the case of thermophilic condition might be due to the inhibition of nitrification above 40°C, as was reported by Juteau [10] . The difference of remaining ammonium concentration and influent urea concentration (50 mgN/l) might be caused by the air stripping of ammonia [8] and a limited contribution of ammonia-oxidizing bacteria in the thermophilic process [7] .
Removal of oil in the reactors
During 35 days of operation, mineral oil was added once a week to make the oil concentration 70 mg/L at the beginning of the week. The bars in Fig. 7 show the averages of 5 times measurements (5 weeks) with activated sludge, while the solid lines in the figures show the changes in the concentration of oil added to the same reactor filled with pure water. The oil concentration rapidly decreased with all of the examined conditions. The half-life was around 3 hours in the reactor. When oil was added to the mixed liquor of activated sludge, the ratio of the concentration in the sludge phase to the total concentration increased with time especially in the room-temperature reactor.
The contribution of biological reaction to the removal of oil may not be dominant in this experiment because the total oil concentration was decreased with roughly the same half-life even without activated sludge, although the contribution of biological removal is suggested in the treatment of shipboard wastewater by MBR [2] . The decreases in oil concentration might be caused mainly by volatilization judging from a high Henry's Law constant of 0.228 atm · m 3 /mol (for C 16 alkane [11] ), although a high log Kow of 8.25 [11] suggests the contribution of adsorption especially in the case of the oil added to pure water. Even though the removal mechanism is not fully clear, the short half-life of hydrocarbon concentration suggests that the MBR can remove mineral oil (C 15 − C 22 alkanes) at a higher efficiency, if the reactor was operated with an adequate HRT. 
CONCLUSIONS
The direct treatment of high-temperature saline and oily wastewater at 50ᵒC using laboratory-scale membrane bioreactors (MBRs) was investigated. The feasibility of thermophilic operation was shown by the comparison with room-temperature operation. There were no significant differences in COD removal for the two reactors. The half-life of mineral oil (C 15 − C 22 alkanes) in the reactors was around 3 hours. However, the operation at high temperature condition decreased the removal of dark brown (melanoidin) color from 58% to 44%. The fouling of the membrane was more severe for the thermophilic reactor. The room-temperature reactor maintained a volume flux of 0.22 m/day, while keeping the volume flux at the same level was difficult for the thermophilic reactor.
